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Perfluorooctane sulfonate (PFOS) is among the most prominent xenobiotics contaminants in human
blood. To evaluate the toxicity of PFOS at the protein level, the influences of PFOS on the stability and
conformation of hemoglobin (Hb) has been investigated by circular dichroism (CD), UV—vis, and fluo-
rescence spectroscopic methods and molecular modeling. CD spectral data indicated that the binding
process of PFOS with Hb induced the relatively large changes in secondary structure of protein. Thermal
denaturation of Hb, when carried out in the presence of PFOS, also indicated that PFOS acted as a
structure destabilizer for protein. UV—vis, and fluorescence spectroscopic data indicated that the tertiary

{’(?;X:gfgéctane sulfonate structures of Hb were also changed by PFOS binding. Hb did undergo significant changes in the heme
Hemoglobin group symmetry, implying that the functions of Hb could be disturbed by PFOS. In addition, molecular
Binding interaction modeling study shows that PFOS could enter into the binding cavity of Hb by many noncovalent in-
Denaturation teractions. Overall, these data provide a mechanist explanation for the longer biological half-life of PFOS

Toxicological evaluation

in human blood and provide useful information that could be associated with the toxicity of PFOS.

© 2016 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Perfluorinated chemicals (PFCs) are man-made fluorinated hy-
drocarbons, which are widely detected groups of organic com-
pounds in the environment and generate great health concerns {1 .
Now, PFCs are widely used in the manufacture of a variety of
products, such as food packaging, floor waxes, polymeric products,
and industrial surfactant because of the outstanding chemical
properties of them {2,3}{. Among of PFCs, perfluorooctane sulfonate
(PFOS) is the most common monomers and can be found in the
environment, including marine and terrestrial animals at ng g~!
level {41 Even in humans, PFOS was detectable in breast milk and
blood plasma at ng mL™! levels |5}, According to the EFSA opinion
the fish and seafood (50—80%), fruit and fruit products (8—27%) and
meat and meat products (5—8%) contributed to PFOS exposure in
diet i3], Although PFOS is detected at very low levels in the envi-
ronment, it can reach high concentrations in blood plasma of
wildlife and humans because of its low degradation, high
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bioaccumulation, and long-range transport capacity {?{. The
toxicity, mobility and bicaccumulation potential of PFOS pose po-
tential adverse effects for the environment and human health {7}
PFOS concentration in human blood, ranges 14—59 ng/ml, around
the world, and it was eliminated in serum for 5.4 year {£}. There-
fore, PFOS was identified as a priority hazardous substance ac-
cording to the European Directive 2013/39/EU, in the field of water
policy in the recent years {%i. Pharmacokinetic and pharmacody-
namic studies shows that half-lives of PFOS have been established
in 1-2 months, 4 months, and 4.8 years in rodents, monkeys, and
humans, respectively {1, In addition, PFOS could disturb ho-
meostasis of N9 cells, impact mitochondria, and affect gene
expression of apoptotic regulators { 11§, Although toxicology studies
have revealed that PFOS can cause a diversity of adverse effects on
living organisms, the underlying toxic mechanisms are still not well
known {121, Because of the hydrophobic group and the polar end,
perfluorinated chemicals have great potential to cross membranes
and enter red blood cells {13},

Hemoglobin (Hb) is a kind of respiratory protein in red blood
cell {14} Its mechanisms of carrying oxygen and transferring
electron, enzymatic and antioxidant activities had been realized
{15,161, For the purpose of investigation about the biocompatibility
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and toxicity of PFOS, the fundamental understandings of the
conformational and functional behaviors of Hb in the presence of
PFOS are of critical importance for the integration of the transport
and metabolism process of PFOS. Many studies have been made
concerning the interactions of hemoglobin with various classes of
molecules such as drugs {17} and toxic molecule {13,714, but also
with surfactants { 25,21, polymers { 22| and nanoparticles {23,241,
Recently, RT. Liu et al. have studied the binding interaction of
perfluorodecanoic acid with hemoproteins {23, However, in my
knowledge, the present study is the first one concerning the
interaction between PFOS and hemoglobin.

Herein, we used circular dichroism (CD), fluorescence, UV/vis
absorption spectra techniques and molecular modeling method to
study the binding mechanism of PFOS with Hb. Effects of PFOS on
the thermal stability and conformational structure of Hb were also
studied to obtain the nature of their binding interactions. The
studies on the binding mechanism of PFOS with Hb can provide the
basic data including the thermal stability and conformational
structure changes of Hb by PFOS for understanding the toxicity
mechanism of PFOS in vivo.

2. Material and methods
2.1. Apparatus and reagents

The fluorescence spectra were recorded on LS—50B spectroflu-
orimeter (Perkin—Elmer USA). The UV/vis spectra were recorded on
a SPECORD S600 (Jena, Germany) and the CD spectra were
measured by a Chirascan spectrometer (Applied Photophysics Ltd.,
Leatherhead, Surrey, UK).

Bovine hemoglobin (BHb) was purchased from Sigma—Aldrich
Chemical Company and used without further purification. PFOS
was purchased from Aladdin Industrial Corporation. The other
chemicals were all of analytical purity. The PFOS (0.05 mol/L) was
prepared in Methanol. Hb solution {5.0 x 107% mol/L) was prepared
in pH 740 phosphate buffer. Doubly distilled water was used
throughout.

2.2. Spectral measurements

All fluorescence spectra were measured with the excitation at
280 nm and the emission wavelengths at 300—-500 nm with
5.0 nm/5.0 nm slit widths. A 2.5 mL portion of a 5.0 x 10~ mol/L
solution of Hb was titrated manually by successive additions of
PFOS solution. The synchronous fluorescence spectra of Hb in the
absence and presence of PFOS were recorded with the A2 values of
15 nm or 60 nm. In addition, for three-dimensional fluorescence
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spectra, the emission wavelengths range was selected from 270 to
500 nm, the initial excitation wavelength was set from 200 to
340 nm with increments of 10 nm.

The UV/vis absorbance spectra of Hb and Hb-PFOS system were
recorded wunder the following conditions: wavelength
200-800 nm, slit width 1 nm and scanning speed 50 nm/min.

For the CD experiments, a 0.02 mol/L phosphate buffer of pH
740 was exclusively prepared in ultrapure water. The
5.0 x 107 mol/L Hb solution in presence and absence of PFOS were
recorded from 200 to 260 nm with three scans averaged and
scanning speed was set at 30 nm/min for each CD spectrum. The
circular dichroism neural networks software (CDNN) was used to
analyze CD spectra. The temperature of thermal denaturation of Hb
in the absence and presence of PFOS was varied from 20 to 90 °Cin
5 °C steps, with 240 s increments. The melting temperature {T,y)
and the enthalpy changes at the melting temperature (AHy,) of Hb
were obtained by using the Global Analysis Software. In addition,
the scanning range from 390 to 500 nm were used to study the
effect of PFOS on heme spectra of Hb.

2.3. Molecular docking simulation

The docking study was performed with Autodock 4.2.3 software
obtained from the Scripps Research Institute {23, The structure of
Hb (PDB ID 1G09) was taken from RCSB Protein Data Bank {271,
PFOS was optimized by using Gaussian 09 at DFT/B3LYP/6-311++G
level {2%i During the modeling docking study, a grid box of
126—126—126 with spacing of 0.700 A was used in order to include
all possible binding sites for PFOS on Hb. The maximum number of
energy evaluation was set at 2,500,000, GA population size was set
at 150, and the number of GA runs were set at 100. Finally, the best
docking results were further analyzed by using the Molegro Mo-
lecular Viewer software (Molegro-a CLC bio company, Aarhus,
Denmark) {241

3. Results and discussion
3.1. Secondary structure changes shown by CD spectra

In the present work, circular dichroism (CD) spectral method
was used to analyze the effect of PFOS on the conformation and
thermal stability of Hb. Fiz. 1(A, B) shows the far-UV CD spectra of
Hb in the absence and presence of different concentrations of PFOS.
As shown in Fig. 1(A), the spectrum of Hb has an intense positive
peak at about 197 nm and two negative bands at 208 nm and
222 nm, characteristic of the o-helical structure, It can be seen that
the intensities of the negative bands at 208 nm and 222 nm
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Fig. 1. (A) Effect of PFOS on the CD spectrum of Hb (5.0 x 108 mol/L). (B) Plots of the percentages of the different structures of Hb in the absence and presence of PFOS.
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Fig. 2. (A-1,B-1, C-1, D-1, E-1) Far-UV CD spectra of Hb (5.0 x 10~° mol/L) at different temperature in the absence and presence of different concentration of PFOS, (A-2, B-2, C-2, D-
2, E-2) Plots of the percentages of the different structures of Hb at different temnperature in the absence and presence of PFOS. ¢ (FFOS): A, 0.0000 mol/L, B, 0.0001 mol/L, B
0.0002 mol/L, 0.0005 mol/L, 0.0010 mol/L.
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Fig. 3. The representative illustrations of the second structural content at different temperature in the presence of different PFOS concentrations. A, a-helix; B, B-sheet; C, f-turn; D,

random coil.

increased and that of positive peak at about 197 nm decreased with
addition of PFOS. In addition, the peaks at 208 nm and 197 nm
exhibit a slight blue shift, showing that the binding interaction of
PFOS with Hb induced the relatively large changes in secondary
structure and probably some changes in the tertiary structure of
protein {331 i, The secondary structural percentages of a-Helix, B-
Sheet, B-Turn and Random coil in Hb with the increase of PFOS
concentrations were plotted in Fig. 1(B). It can be seen from the
figures that the proportion of «-Helix decreased from 47.4% in free
Hb to 33.6% with the increase of PFOS concentration. In addition,
the amount of B-Sheet increased from 8.6% in free Hb to 17.8% in the
presence of PFOS. Very strong changes in the protein structures
from a-Helix to B-Sheet clearly indicated that PFOS combined with
the amino acid residues of the main polypeptide chain of Hb and
induced the denaturation and unfolding of protein.

Herein, CD spectroscopy was also used to characterize the
impact of above thermal denaturation on the secondary structure
and unfolding transition of Hb. As Fig. Z A-1,2 show, when the
temperature increased, the content of a-helix decreased to 20% at

Table 1
The melting temperature (Tr,) and the enthalpy changes at the melting temperature
(AHm) of PFOS-Hb system.

System T/°C AHp,/(k]/mol)
Hb 59.2 + 0.1 1821+ 15
Hb + PFOS 55.0 + 0.1 1094 + 1.1

¢ (PFOS) = 0.0001 mol/L

Hb + PFOS 54.1+03 1489 + 54

¢ (PFOS) = 0.0002 mol/L

Hb + PFOS 53.8+03 1468 + 5.2

¢ (PFOS) = 0.0005 mol/L

Hb + PFOS 53.0+0.2 1465 + 3.7

¢ (PFOS) = 0.0010 mol/L

about 90 °C, while the content of [B-sheet and random coil
increased. In addition, the changes in the second structural content
against temperature is quite sharp when the temperature is beyond
43 °C, indicating that high temperature can easily unfold the a-
Helix structure of Hb.

Compared with the thermal denaturation process of Hb in the
absence of PFOS, the change trend in the same process of Hb-PFOS
system shows some obvious changes (¥ig. 2 B—E). For example, the
changing trend of the «-helix content against temperature of Hb in
the presence of PFOS decreased linearly, while those of 3-sheet, -
turn and random coil increased linearly. This result implied that the
presence of PFOS had an enormous capacity for changing the
thermal denaturation process of Hb. In addition, the representative
illustrations of the second structural content at different temper-
ature in the presence of different PFOS concentrations was shown
in ¥iz, 3(A—D). The results indicate that the protein in presence of
PFOS is more prone towards thermal denaturation.

In order to gain a deep insight into the unfolding transition of
Hb, Global Analysis Software was used to obtain the melting tem-
perature (Ty) and the enthalpy changes at the melting temperature
(AHp,). The results are listed in Tabie 1. It can be seen that T, of Hb
in the presence of PFOS was reduced from 59.2 °C to 53.0 °C,
indicating that the thermal stability of Hb decreased and PFOS
acted as a structure destabilizer, The observed decreasing trend of
Tm in the presence of PFOS maybe results from a preferential
interaction of PFOS with the thermally unfolded forms of Hb,
shifting the folding to unfolding transition towards the forward
direction {321 In addition, the process of effect of temperature on
protein often follows multiple steps; native (N)— extended (E)
—unfolded (U) {321 It is known that solvent plays a critical role in
protein folding {3%iand the ordering of water molecules around
exposed the hydrophobic groups of folded protein play an impor-
tant role in the thermal change of protein { %4}, PFOS binding on Hb
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Fig. 4. CD spectra of Hb at different temperature in the absence (A) and presence (B—E) of PFOS at different conditions. ¢ (Hb) = 5.0 x 10~% mol/L, ¢ (PFOS): A, 0.0000 mol/L, B,
0.0001 mol/L, B 0.0002 mol/L, 0.0005 mol/L, 0.0010 mol/L.

Table 2
Percentages of a-Helix structures of Hb and HB-PFOS at different temperature.
System Temperature a-Helix %
Hb 20.57 °C 47.5
83.71°C 20.7
20.86 °C (recovered from 83.71 °C) 239
Hb + PFOS 2119 °C 425
¢ (PFOS) = 0.0001 moljL 84.56 °C 21.7
20.98 °C (recovered from 84.56 °C) 27.8
Hb + PFOS 20.59 °C 374
¢ (PFOS) = 0.0002 mol/L 82.06°C 229
20.76 °C (recovered from 82.06 °C) 32.1
Hb + PFOS 2049 °C 348
¢ (PFOS) = 0.0005 mol/L 8241°C 246
20.38 °C (recovered from 82.41 °C) 344
Hb -+ PFOS 20.82 <C 340
¢ (PFOS) = 0.0010 moljL 82.70°C 250
20.51 °C (recovered from 82.70 °(C) 34.8

induces the loss of ordered water coating the peptide of Hb and
makes the native state energetically less stable, The distance be-
tween —NH and —C=0 groups of Hb are changed and the H-bonds
of the backbone of Hb are broken. The hydrophobic side chains of
Hb get exposed during the unfolding process to interact with the
hydrophobic chain of PFOS, which results in the decrease of
enthalpy change (AHp).

From above CD analysis, we found that PFOS induced the
denaturation and unfolding of Hb and affected the thermal dena-
turation process of protein. The native (N)—extended (E) is
reversible whereas for the extended (E) — unfolded {U) transition
the native state could not be retrieved upon decreasing the tem-
perature {37}, The formation of complex between PFOS and Hb
maybe affects the reversibility of the unfolding process when the
protein is cooled from high temperature to 20 °C. It can be seen
from Fig. 4(A) and Tabie Z that the percentage of Hb the a-Helix
changed from 47.5% to 20.7% when Hb was heated from 20.57 °C to

ED_002330_00120347-00005
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3.2. Tertiary conformational changes shown by fluorescence spectra

The steady-state fluorescence spectra of Hb in the absence and
presence of PFOS are shown in ¥igz. %. Although Hb have six Trp
residues, Hb exhibits a low fluorescence in water because the
efficient energy transfer from Trp to heme significantly quenches
the protein fluorescence {%%,28}, As the result indicated, the fluo-
rescence intensity of Hb is increased gradually with increasing of
PFOS concentration. PFOS is a surfactant with a hydrophobic carbon
chain and a hydrophilic sulfonate group. The hydrophobic chain in
PFOS molecule not only is more like to interact with the hydro-
phobic amino residues in Hb, but also penetrate into the hydro-
phobic heme cavity. According to the Ref {23}, perfluorooctanoic
acid (PFOA) has little effect on the fluorescence intensity of he-
moglobin. Therefore, the sulfonate group plays an important role in
the binding interaction of PFOS with Hb. The increase of fluores-
cence intensity of Hb implies that the binding of PFOS to Hb is much
stronger than that of PFOA. In other word, PFOS could pose more of
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Fig. 6. Effects of PFOS on the synchronous fluorescence spectra of Hb, ¢ (Hb) = 5.0 x 10 mol L, pH = 740, T = 298 K (A, A) = 15 nm; B, A\ = 60 nm).

83.71 °C. The a-Helix of 20.7% indicated that 119 amino acid resi-
dues (574 total residues x 0.207) are still maintained ¢-Helix at
83.71 °C. In addition, which «-Helix recovers to 23.9% as Hb solu-
tion is cooled down to 20.86 °C, This result indicated that Hb can
only recover 3.2% of its a-Helix when the protein was cooled from
83.71 °C to 20.86 °C. This phenomenon implied that the structures
of 18 amino acid residues (574 total residues x (0.239-0.207))
recovered from unfolding to a-Helix and only about 50% (137/he-
lical 272 residues) of the original helices still have a-Helix when we
cooled the protein from 83.71 °C to 20.86 °C. At high temperature,
Hb obviously loses the reversibility of the structural change in the
thermal denaturation. However, compared with the percentage of
Hb a-Helix structures in absence of PFOS, Hb can recover more -
Helix when the temperature were cooled to about 20 °C. This
implied that Hb-PFOS system have better reversibility of the
structural change in the thermal denaturation than only Hb. The
possible binding forces in the formation of the complex between
PFOS and Hb might cause the observed increase in the reversibility
of the unfolding process when the protein is cooled from high
temperature to 20 °C, In the formation of the molecular structure of
Hb-PFOS complex, the electrostatic interactions between the pro-
tonated —SO°— of PFOS and the -NH3* groups in Hb probably
drives the binding of PFOS to Hb. In addition, the hydrophobic force
between the hydrophobic carbon chain of PFOS and hydrophobic
peptides should not be excluded.

a health threat than PFOA.

Generally, synchronous fluorescence spectroscopy has been
widely used to separate out the emission peaks as well as to
investigate the changes in the microenvironment of Tyr and Trp
residues in protein {37}, The synchronous fluorescence spectra of
Tyr and Trp residues in Hb were obtained by setting AX = 15 and
60 nm, respectively. The effects of PFOS on the synchronous fluo-
rescence spectra of Hb are shown in ¥ig. & (A, B). As the data
indicated, the fluorescence of Tyr and Trp residues in Hb both
exhibit a great enhancement upon the addition of PFOS. ¥ig, 7(A)
shows the normalized fluorescence intensity of Hb at the maximum
emission wavelength in the presence of different concentrations of
PFOS. It can be seen that the fluorescence intensity of Tyr and Trp
residues of Hb in the presence of PFOS were 1.455 and 1.797 times
those of Tyr and Trp residues of Hb in the absence of PFOS,
respectively. This phenomenon confirmed that Hb undergoes
conformational changes in the presence of PFOS. In addition, the
maximum emission peak of Tyr and Trp in Hb were also shown in
Fig. 7(B). It is apparent from ¥ig. 7(B) that the emission peak of Tyr
shows an obviously blue shift upon addition of PFOS. Compared
with Tyr residues, the maximum emission wavelengths of Trp
residues did not show obviously shift. These results further ex-
presses the conformational changes of Hb, the polarity around Tyr
residues is decreased and the hydrophobicity is increased {31l In
addition, the binding of PFOS to Hb did not obviously perturb the

ED_002330_00120347-00006
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Fig. 7. Normalized fluorescence intensity of Hb at the maximum emission wavelength in the presence of different concentrations of PFOS (A); the maximum emission wavelength of
Hb in the presence of different concentrations of PFOS (B). ¢ (Hb) = 5.0 x 107® mol/L, pH = 7.40, T = 298 K (A, AX = 15 nm; B, AX = 60 nm).
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environment of Trp residues in Hb.

Herein, the three-dimensional Ex/Em fluorescence spectral
method was used to visualize the excitation and emission maxima
of the fluorophores in Hb. The three-dimensional fluorescence
spectral contours of Hb and Hb-PFOS are shown in Fig. £, It could be
seen from Fig. 5(A) that there were two kinds of fluorescence
spectral peaks including the Raleigh scattering peaks (Peak 1 and
Peak 2) and endogenous fluorophores peaks (Peak a and Peak b).
The endogenous flusrophores peaks of protein are highly sensitive
to the local environment. Among them, peak a is caused by the
T— 7" transition of aromatic amino acids in Hb and peak b is
caused by the n— 7™ transition of Hb’s characteristic polypeptide
backbone structure C=0 {3#{, Upon addition of PFOS to Hb solu-
tion, some remarkable changes of Peak a and Peak b were observed.
Firstly, the increase of the stitch density of peak a, b indicated that
the binding interaction of PFOS with Hb result in the fluorescence
enhancement of endogenous fluorophores in Hb, which implied
that PFOS can induce denaturalization of Hb. Secondly, the obvi-
ously changes of peak b indicated the secondary and tertiary
structure changes of Hb,

3.3. Heme group region changes shown by UV—vis and CD spectra

The UV—vis spectra of Hb in the absence and presence of PFOS

are shown in Fig. 9, It can be seen from this figure that, after the
addition of PFOS, the UV—vis spectra of Hb show some interesting
changes as follow, Firstly, a significant decrease of absorption in the

PFOS
1.8 s 353 RO
e 30081 ool
s 3 GQUZ MO
oereee 3, 3008 Mol
e 1, Q10 meoitL
& 1.0+
<%
4.5
Y )
Yavalongth (nm}
4.0 r T

300 400 SO0 600 700 800
Wavelength {nm)

Fig. 9. Effect of PFOS on the UV—vis spectra of Hb (5.0 x 10~® mol/L) in the absence
and presence of PFOS.
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Table 3

heme group region named the Soret band at about 408 nm and a
red shift to 413 nm were observed in Fiz. &, Secondly, the absorption
peaks at 576 nm and 627 nm disappears while a new one at 529 nm
came in being. These spectral changes confirmed that PFOS could
induce structural changes of Hb and result in decreasing the ability
of Hb to bind to oxygen {251 PFOS could penetrate into the heme
pocket and disturb the hydrophobic balance of the heme cavity in
Hb. These bands lie in a regions from 350 to 700 nm where only
heme-associated electronic transitions are to be a dominant
contributor. These changes at 408, 576, and 627 nm of Hb in the
presence of PFOS signified a conformational changes of Hb at the
tertiary state, Thus, the normal biological function of hemoprotein
in transferring oxygen is effected by the binding interaction of PFOS
with Hb {i%{. In addition, the aromatic peak at 270 nm decreased
and the peak obviously blue shifted, indicating that an alteration of
the microenvironment of the aromatic residues in Hb. In accor-
dance with fluorescence spectral data, the tertiary conformation of
Hb was affected by PFOS. In order to confirm the Soret band change
induced by PFOS, CD spectral method was also used in this work,
In Fig. i the CD spectra of Hb in the absence and presence of
PFOS were shown. The Hb CD spectrum in the heme group region
was characterized by main peak at 410 nm with positive ellipticity,
which is associated to the heme group signal {3%{. As the result

Docking results of Hb with PFOS by using Autodock program generated different ligand conformations.

Rank AG (kcal/mol) E inter-mot {kcal/mol) Eynp (kecaljmol) E elec (keal/mol) E toral (kcal/mol) E torsional (kcal/mol) E unbouna (kcalfmol)
1 -3.38 -5.77 —3.05 -2.72 +0.72 +2.39 +0.72
2 -3.20 -558 —2.81 -2.77 +0.65 +2.39 +0.65
3 -3.16 -555 -3.17 -237 +0.50 +2.39 +0.50
4 -3.12 -550 —2.35 -3.15 +0.36 +2.39 +0.36
5 -3.07 —545 ~2.89 —2.56 +0.57 +2.39 +0.57
6 -3.00 ~5.39 ~-2.59 -2.81 +0.45 +2.39 +0.45
7 ~2.96 ~5.35 ~-2.62 ~2.73 +0.31 +2.39 +0.31
8 -2.91 -530 —2.69 -2.61 +0.28 +2.39 +0.28
9 ~2.82 -5.20 —2.49 -2.71 +0.38 +2.39 +0.38
10 ~2.74 -513 ~2.09 -3.04 +0.22 +2.39 +0.22
11 ~2.72 -5.11 —2.41 -2.70 +0.33 +2.39 +0.33
12 ~2.69 -5.08 -2.73 -2.34 +0.57 +2.39 +0.57
13 ~2.68 -5.06 -2.20 -2.87 +0.70 +2.39 +0.70
14 —2.62 -5.01 -2.39 -2.62 +0.37 +2.39 +0.37
15 ~2.61 -5.00 ~2.13 ~-2.86 +0.36 +2.39 +0.36
16 ~2.57 ~4.96 ~2.53 ~243 +0.36 +2.39 +0.36
17 —2.44 ~4.82 ~3.36 ~1.46 +0.49 +2.39 +0.49
18 ~2.43 —4.81 -2.21 ~2.60 +0.69 +2.39 +0.69
19 ~2.35 —4.73 —3.64 -1.10 +0.27 +2.39 +0.27
20 ~2.29 —4.68 -3.27 -141 +0.37 +2.39 +0.37
21 ~2.22 —4.60 -1.78 -2.82 +0.44 +2.39 +0.44
22 -2.19 —457 -1.78 -2.79 +0.15 +2.39 +0.15
23 -2.16 —4.54 —1.90 -2.65 +0.20 +2.39 +0.20
24 ~2.06 —4.45 —2.76 -1.69 +0.20 +2.39 +0.20
25 ~2.06 —4.44 —1.72 -2.72 +041 +2.39 +041
26 -1.91 —4.30 ~-2.92 ~1.38 +0.49 +2.39 +0.49
27 ~1.84 —4.23 ~-2.71 ~1.52 +0.53 +2.39 +0.53
28 -1.81 —4.19 ~-1.56 ~2.63 +0.16 +2.39 +0.16
29 -1.79 -4.18 ~2.92 -1.26 +0.18 +2.39 +0.18
30 -1.77 -4.16 -1.10 -3.06 +0.21 +2.39 +0.21
31 -1.71 -4.10 ~2.18 -191 +0.13 +2.39 +0.13
32 -1.70 —4.09 -2.53 -1.55 +0.50 +2.39 +0.50
33 -1.60 -3.98 -2.35 -1.64 +043 +2.39 +043
34 —1.59 -3.97 -1.93 -2.05 +047 +2.39 +047
35 -1.53 -3.91 ~2.49 ~1.43 +0.32 +2.39 +0.32
36 -1.48 -3.87 ~1.85 ~2.02 +0.24 +2.39 +0.24
37 —1.47 -3.85 ~2.32 ~1.53 +0.50 +2.39 +0.50
38 —1.46 -3.85 -1.78 -2.07 +0.35 +2.39 +0.35
39 —1.40 -3.78 -2.71 -1.07 +0.64 +2.39 +0.64
40 -1.39 -3.78 —2.41 -137 +0.22 +2.39 +0.22
41 -1.38 -3.77 -2.13 -1.64 +0.53 +2.39 +0.53
42 -1.27 —3.65 —2.72 —-0.94 +0.42 +2.39 +042
43 -1.21 -3.60 —2.32 -1.27 +0.40 +2.39 +0.40
44 -0.75 —3.14 -2.03 -1.10 +0.10 +2.39 +0.10
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Fig. 11. Predicted orientation of the lowest docking energy conformation of PFOS with Hb. The binding site was enlarged to show the interactions of PFOS with Hb.

shows, the presence of PFOS induced a significant loss of signal in
heme group region, implying that PFOS induced the unfolding of
the hemoproteins accompanied by exposure of the heme pocket
and Hb did undergo significant changes in the heme group sym-
metry (quaternary structure) and tertiary structure by PFOS bind-
ing {25,391, This conclusion is consistent with the result from
UV—vis spectral data, the normal biological function of Hb in
transferring oxygen could be effected by the binding interaction of
PFOS with Hb.

3.4. The putative binding sites of PFOS on Hb

Molecular modeling is becoming an important method to
analyze the intermolecular interactions of protein with PFOS {443},
Herein, structure and energies of the binding sites of PFOS to Hb
were determined through molecular modeling. From the docking
calculation, the best binding site with minimum binding energy is
selected from the minimum energy conformers from 100 runs. In
this report, cluster analyses were also performed for the binding
sites of PFOS on Hb. A total of 44 multimember conformational
clusters were obtained from 100 docking runs. Analyzing from the
docking data, we can find that Hb had not only one possible binding
site to bind with PFOS. The interaction free energies and reaction
energies including AG (the estimated free energy of binding en-
ergy), Eintermol (the final intermolecular energy), Evup
(VDW + Hbond + desolvo energy), Eqec (the electrostatic energy),
Ewtal (the final total internal energy), Eorsional {the torsional free
energy) were then calculated for all the binding sites and are
summarized in Talde 3. As data show, Eyyp energy including van
der Waals energy (Evbw), Etbond and Egesolve and Eelec are the main
part of binding free energies of PFOS with Hb. The predicated
binding model with the lowest docking energy was then used for
binding orientation analysis (Fig. i1). It indicated that PFOS entered
into the cavity of Hb and there were twenty three amino acid res-
idues coming from «1, o2, and 2 subunit that took part in the
binding interactions of Hb with PFOS. These amino acid residues are
a1Pro-95, a1Vval-96, alLlys-99, a1Ala-130, x1Phe-98, a1Ser-133,
a1Thr-134, o1Thr-140, ¢1Val-135, al1Llys-139, a1Ser-138, alTyr-
140, a2Lys-199, #2Ala-130, «2Asp-126, a2Llys-127, a2Val-1, a2leu-
2, a2Asn-131, 22Thr-134, «2Phe-128, B2Trp-37, and B2Glu-101. The
hydrophobic core of this site is able to host the fluorinated carbon
chain while the charge amino interacts with the charged polar head
of PFOS. Among above amino residues, Leu, Pro, Val and Phe resi-
dues were hydrophobic amino residues, the aromatic amino acid
residues including Trp, Tyr and Phe residues were also involved in
the binding interaction. In addition, the polar interaction and
hydrogen bonds existed between two positively charged amino

residues Lys-99 and the —SO3 groups of PFOS. Therefore, several
kind of forces are presumed to take part in the interaction of PFOS
with Hb, which include hydrophobic, hydrogen bonds, van der
Waals interactions and electrostatic forces.

4. Conclusion

In conclusion, how PFOS affects the structure and stability of Hb
has been reported in this work. The features are as follows. First,
PFOS acted as a structure destabilizer for Hb to induce the relatively
large changes in the stable helical of secondary structure. Second,
the presence of PFOS had an enormous capacity for changing the
thermal denaturation process of Hb and resulting in the decrease of
the thermal stability of protein. Third, Hb did undergo significant
changes in the heme group symmetry (quaternary structure) and
tertiary structure by PFOS binding. In addition, PFOS could enter
into the binding cavity of Hb by many noncovalent interactions
including hydrophobic, hydrogen bonds, van der Waals interactions
and electrostatic forces. This is the first study that offer a detailed
binding mechanism of PFOS with Hb and its effects on the struc-
tures of Hb. We believe that the present study will provide
important insight into the molecular toxicology of this kind of PFCs,
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